Abstract-Monosodium methanearsonate (MSMA), an arsenic-based pesticide, has been used for the past 10 years in attempts to suppress mountain pine beetle (Dendroctonus ponderosae) outbreaks in British Columbia, Canada. Previous studies have shown that cavity nesting forest birds such as woodpeckers forage and breed in MSMA treated pine stands. Here we examined the effects of MSMA in the laboratory using the zebra finch (Taeniopygia guttata), with the objective to examine tissue distribution and sublethal toxic effects in a model avian species. Zebra finches were exposed to this pesticide at doses similar to those found in bark beetle samples from MSMA stands of trees treated in the southern interior of British Columbia (8, 24, and 72 g/g/d and a control group). Results showed high excretion (Ͼ90%) of arsenic in all dose groups, as well as dose-dependent trends in accumulation of arsenic in the blood ( p Ͻ 0.001) and specific tissues. Monomethylarsonic acid, MMA (V), was the predominant form of arsenic in the blood plasma. Dimethylarsinic acid was the major form of arsenic found in the liver (83%) and kidney (61%) tissues. The brain tissue contained primarily the MMA (V) form (57%). Significant weight loss occurred in the two highest dose groups ( p Ͻ 0.05). Birds in the highest dose group lost up to 15% of initial body mass.
INTRODUCTION
Monosodium methanearsonate, or MSMA, is a highly water-soluble crystalline solid containing arsenic in the pentavalent form. Monosodium methanearsonate has been used as an herbicide and defoliant and has been recently used as a pesticide to suppress mountain pine beetle (Dendroctonus ponderosae) outbreaks in pine forests across British Columbia, Canada. The commercial formula of MSMA used in British Columbia is called Glowon (United Agri, London, ON, Canada). Approximately 960 kg (0.77 kg/L Glowon) of this product has been used annually in British Columbia [1] . Application rates require approximately 1 ml of Glowon (0.32 kg elemental arsenic [as MSMA]/L water and additives) per 2.5 cm of tree circumference (http://www.for.gov.bc.ca/tasb/ legsregs/fpc/fpcguide/beetle/betletoc.htm) and in the Cascades Forest District alone, over 60,000 trees were treated between 2000 and 2004 [2] , with little knowledge of potential exposure or effects in nontarget wildlife. For example, few studies have examined the acute toxicity of MSMA in avian systems. In one study, for 17-week-old bobwhite quail (Colinus virginianus) the acute 96 h LD50 was 834 mg/kg MSMA. Oral acute 96-h LD50 values in 10-d old bobwhite quail were approximately 650 mg/kg/d [3] . Similarly, very few studies have examined tissue distribution and speciation of MSMA in any terrestrial animal. Studies using laboratory or domesticated mammals suggest that orally administered MSMA can increase arsenic levels transiently, sometimes to high concentrations, in specific tissues, but most of the arsenic (Ͼ90%) is rapidly excreted, and that tissue levels decrease to normal upon cessation of dosing [4, 5] .
The toxicity of arsenic depends on the species of arsenic, the oxidation state, and animal species exposed. Trivalent arsenicals are more cytotoxic than pentavalent arsenicals [6, 7] and among the methylated arsenicals, methylarsonous acid, MMA (III), has been shown to be the most toxic species [7, 8] . Biotransformation of MSMA and other methylated arsenicals occurs following ingestion by an animal, and dimethylarsinic acid (DMA) is the most common metabolite and the primary excretory form in mammals [9] (Fig. 1) . Therefore, while MSMA may be less acutely toxic than other arsenic species, oral routes of exposure of MSMA may produce more toxic metabolites, such as MMA (III), during biotransformation to DMA in vivo. Exact mechanisms of toxicity of MSMA to exposed animals are not well known. In general, arsenic is a toxic metalloid with multiple effects. It has been suggested that arsenic is directly toxic through binding to sulfhydryl groups in proteins and altering their functions [10] . Methylated trivalent arsenicals such as MMA (III) can inhibit enzymes such as glutathione reductase [11] altering cellular redox reactions and leading to cytotoxicity [12] . Carcinogenicity of arsenic is well known in humans and speculated in many animals [12] . Methylated pentavalent arsenicals have been shown to be genotoxic, with effects such as excess tetraploidy [13] and mitotic arrest [14] . Additionally, DMA (V), MMA (III), and DMA (III) have been shown to increase cell proliferation in the development of cancer [15] , and DMA (V) is a tumor promoter in several organ tissues of the mouse and rat [15, 16] . Throughout the literature, monomethylarsonic acid is abbreviated as MMA, MAA, MMAA, and MMAs. To avoid any confusion, MMA will be used throughout the present paper.
Environ. Toxicol. Chem. 27, 2008 C.A. Albert et al. Fig. 1 . Proposed metabolic pathway: Monomethylarsonic acid (V) is first reduced to MMA (III), followed by further methylation to dimethylarsinic acid (V) and possible reduction to DMA (III). Glutathione (GSH) and other thiols serve as reducing agents, and S-adenosylmethionine (SAM) is the main methyl donor, which is converted to S-adenosylhomocysteine (SAH).
In British Columbia, we were concerned primarily with MSMA exposure to woodpeckers and other cavity nesting forest birds that feed on the mountain pine beetle. Woodpeckers can have winter diets of up to 99% beetle adults and larvae [17] , with three-toed (Picoides tridactylus) and hairy (P. villosus) woodpeckers ingesting many thousands of beetles and larvae per day [18] . In areas where mountain pine beetle outbreaks occur, woodpeckers locally increase in number [17, 18] , which suggests that they are attracted to areas of high beetle density. Recent studies in the Merritt Forest District of British Columbia have shown that arsenic can accumulate in beetles in MSMA treated stands of pine trees, and that three-toed and hairy woodpeckers forage in those pine stands [2] .
Our main objectives were to use the zebra finch (Taeniopygia guttata) as a model species to measure uptake, excretion, and metabolism of arsenic in adult birds orally dosed with different concentrations of MMA (V) (0, 8, 24, and 72 g/g, respectively). Additionally, we wanted to determine speciation of arsenic in tissues and excreta of zebra finches orally dosed with MMA (V). Our final objective was to consider the implications for birds in the wild, such as woodpeckers, exposed to MSMA. We hypothesize that if birds metabolize MMA (V), metabolites such as DMA will be present in the excrement. Furthermore, if little to no metabolism of MMA (V) occurs it should be excreted in its original form.
METHODS

Animals and husbandry
The present study was conducted using a laboratory colony of zebra finches maintained at the Simon Fraser University Animal Care Facility (Burnaby, BC, Canada). Finches were maintained in Canadian Committee on Animal Care accredited facilities, with a constant 14:10 h light:dark cycle at 19 to 23ЊC and 35 to 55% humidity. Experiments and animal husbandry were conducted under a Simon Fraser University Animal Care Committee permit (666B-03). All work was done following Canadian Committee on Animal Care guidelines (http://www.ccac.ca/en/ CCACPrograms/GuidelinesPolicies/GUIDES/ENGLISH/toc v1.htm). For these experiments, birds were held in cages (61 ϫ 46 ϫ 41 cm) with three to six birds per cage. All birds were allowed free access to a mixed seed diet (Panicum and white millet, 50:50; approximately 12.0% protein, 4.7% lipid) and water, grit, and cuttlefish bone ad libitum.
Experimental groups and dosing procedure
For the present study, 21 female zebra finches were randomly assigned to one of four experimental groups, which included a low dose of 8.0 g MMA/g body weight/d (one cage ϫ six birds), a medium dose of 24.0 g MMA/g body weight/d (one cage ϫ six birds) and a high dose of 72.0 g MMA/g body weight/d (one cage ϫ six birds). A control group was dosed with deionized distilled water only (one cage ϫ three birds). Monomethylarsonic acid was used in the present study as it is equivalent to MSMA at gastrointestinal pH [1] , and is the primary form of arsenic detected in the bark beetle samples collected in MSMA treated pine stands in British Columbia [2] . Technical grade MMA (V) was used in the present study. Solution concentrations were calculated assuming a zebra finch would receive 0.1 ml of the MMA (V) solution each day, and this was based on a 15 g zebra finch. A stock solution of the high (72 g/g) concentration was made and serial dilutions were carried out to make the medium (24 g/g) and low (8 g/g) solutions. For the stock solution, the compound was dissolved in deionized distilled water (0.648 g of MMA (V) per 60 ml water for stock solution). In order to validate the dosing solution concentrations, the solutions were analyzed (William Cullen, University of British Columbia) prior to administration. Birds were fasted overnight and dosed between 8:00 to 10:00 AM Pacific Standard Time for 14 d. Approximately 0.1 ml of the MMA-water solution was administered via intubation. Exact administered volumes of the solution were separately calculated within each dose group for each bird depending on individual body mass. Birds were orally dosed daily using a micropipette for the early stages and a syringe with a gavage attachment once birds reached an appropriate size (ϳ10 d old). Spillage was negligible and we can assume there were no discrepancies in the amount of MMA solution administered to the birds. Birds were given food and water between 10 and 20 min after being dosed. Body mass and general health of each bird was observed and recorded daily. Wax paper was laid down immediately after dosing to collect excreta.
Excreta samples were collected daily, approximately 24 h after being dosed, and pooled per cage (each cage represented a separate dose group). Excreta were collected using acidwashed (10% nitric acid for 24 h) plastic spoons, and stored in sterile plastic bags. Excreta samples were frozen immediately after collection and freeze dried prior to analysis. It is important to note that birds excrete urine and feces together. Therefore we use the term excreta to represent both urine and feces.
Dosage rationale and environmental relevance
Dose calculations were based on arsenic concentrations in bark beetles collected in the Merritt forest district, where MSMA has been used extensively, and on daily food requirements for three species of woodpeckers. Mountain pine beetle samples contained up to 350 g/g dry weight total arsenic, with MMA(V) species contributing to over 90% of the total [2] . Therefore, the dosing scheme used in this experiment was based on 0, 50, 150, and 450 g/g in beetle prey to encompass the range of MMA (V) concentrations found in the bark beetle samples. Elemental arsenic represents 54% of the total molecular weight of MMA (V). Therefore, our actual elemental arsenic doses are approximately half of the administered MMA (V) doses. However, woodpeckers are actually ingesting primarily (Ͼ90%) MMA (V) in the bark beetles. Thus, in order to remain consistent with our environmental relevance in this experiment, we based the dosing scheme on total ingested MMA (V).
Based on daily food requirements of wild insectivorous birds [19] , woodpeckers require an average of approximately 10.5 g of dry matter intake (DMI) per day. This average daily DMI was based on the average body mass of three-toed (65.7 g), black-backed (P. arcticus) (69.3 g), and hairy (66.3 g) woodpeckers [20] , which was calculated to be 67.1 g. In order to calculate a daily dose for the lowest dose group (50 g/g) we multiplied the MMA (V) concentrations in the bark beetles by an average daily DMI (10.5 g/d), which gives a total daily MMA (V) intake of 525 g/d for woodpeckers. We then divided the estimated total daily MMA (V) intake by the average body mass woodpecker (67.1 g) [19] . This yields a daily dose of approximately 8 g arsenic/g body mass/d. Therefore, dosages were 0, 8, 24, and 72 g/g MMA (V) per day. These doses were extrapolated to the laboratory colony of zebra finches based on their individual mass. Volumes administered were calculated daily based on their daily mass.
Blood and tissue sample collection
After 14 d of MMA (V) dosing all 21 birds were anesthetized via an intramuscular injection of 50 l ketamine and xylazine solution (50:50 by volume; Associated Veterinary Products, Abbotsford, BC, Canada) followed by exsanguination. Whole blood samples were collected to determine total arsenic content, and were taken via both the jugular and brachial veins using heparinized pipettes and transferred to heparinized centrifuge tubes. Within 4 h of being collected, a subset of the blood samples (one blood sample from each dose group, total three blood samples) were separated into plasma and red blood cells by centrifuging for 15 min at 5,000 rpm (Baxter CanLab Biofuge 13, Simon Fraser University, Burnaby, BC, Canada) and immediately frozen at Ϫ20ЊC. Red blood cell samples were then freeze dried prior to analysis.
Additional blood samples were taken using a heparinized capillary tube to determine hematocrit and leucocrit. Hematocrit is a measure of the percentage of red blood cells to the total volume of a blood sample [21] , and leucocrit is a measure of the percentage of white blood cells to the total volume of a blood sample [22] . Blood was kept cold and within 4 h of collection, the blood was centrifuged for 3 min at 5,000 rpm and the height of the leucocrit, hematocrit, and total sample was then measured using a digital caliper (0.01 mm). To remain consistent, all measurements of hematocrit and leucocrit were made by the same researcher. Liver, kidney, brain, and carcass tissues were obtained through dissection and were frozen at Ϫ20ЊC prior to being freeze dried and analyzed for arsenic.
MMA (V) analysis
Arsenic species analyzed included MMA (V), which is the original dosing compound; DMA (V), which is the metabolite of MMA and is the predominant excretory form in mammals; and inorganic arsenic, As (V). Solutions, blood, excreta, organ, and carcass tissues were sent to William Cullen's chemistry laboratory at the University of British Columbia where they were measured for arsenic content and speciation. Solutions were analyzed before dosing to confirm MMA (V) concentrations. For total arsenic analysis, whole blood samples were analyzed for each individual bird in all four dose groups, whereas excreta samples comprised pooled samples from six birds per cage per treatment. Excreta samples from each treatment group on MMA (V) treatment days 1, 7, and 14 were analyzed for total arsenic. Organ samples were also pooled (two birds per single analysis) to ensure adequate levels of arsenic for detection. Organ samples were analyzed for all dose groups. Carcass samples were analyzed individually. For arsenic speciation analysis, one plasma sample from each treatment group was analyzed (n ϭ 3 plasma samples). Control samples were not analyzed for speciation. Only excreta samples from the highest dose group (72 g/g) from treatment days 1, 7, and 14 and only organs from the highest dose group were analyzed for arsenic speciation.
Once organs were extracted from the bodies, the feathers, feet, and beaks were removed and the remaining carcasses were freeze-dried. Individual dried carcasses were then homogenized using a food processor, taking all precautions necessary to avoid cross-contamination of different dose groups. Freeze-dried red blood cells, excreta, organ, and carcass tissue samples were weighed into centrifuge tubes (either 15 ml or 50 ml) and 5 ml of a methanol/water mixture (1:1, v/v) was added to each tube. Tubes were then sonicated for 10 min and centrifuged (3,000 rpm) for 10 min, and the supernatant was removed by means of a Pasteur pipette and placed in a round bottom flask. This extraction procedure was repeated four times for each sample. The combined supernatants were evaporated to dryness and dissolved in 10 ml of deionized water prior to further analysis. Extracts were stored at Ϫ20ЊC and transferred to the cold room (ϳ4ЊC) on the day of analysis [23] .
Plasma samples were cleaned using Microcon centrifugal filter devices (model YM-3, 3,000 nominal molecular weight limit, Millipore, (Bedford, MA, USA) by centrifugation for 100 min at 14,000 g. Cleaned samples were stored at Ϫ20ЊC and transferred to the cold room (ϳ4ЊC) on the day of analysis [23] .
Plasma and tissue sample extracts were analysed for arsenic speciation using high performance liquid chromatography-inductively coupled plasma mass spectrometry. Arsenic compounds in the samples were identified by matching the retention times of the peaks in the chromatograms with those of known standards. Quantification was done by comparing peaks with those of matching standards [23] .
Solid red blood cells, tissue and fecal samples were weighed into glass test tubes (outer diameter 16 mm). Two milliliters of nitric acid and three Teflon boiling chips were added to each tube. The samples were heated in a test tube block heater at temperatures increasing stepwise from 70 to 150ЊC and then cooled overnight. Hydrogen peroxide (2 ml) was added into the samples on the next day and the samples were heated to 150ЊC until they were evaporated to dryness. The residue was redissolved in 4 ml of an aqueous solution containing 1% (v/ v) nitric acid and 5 ppb rhodium. The samples were mixed thoroughly by using a vortex mixer and filtered (0.45 m). The samples were stored at 4ЊC until analysis. Digested red blood cells, excreta, and tissue samples were then analyzed for total arsenic using inductively coupled plasma mass spectrometry [23] .
All reagents used were of high purity, suitable for highperformance liquid chromatography-inductively coupled plasma mass spectrometry analysis. Quality assurance included the analysis of the standard reference materials: dogfish muscle from the National Research Council (Ottawa, ON, Canada) and fucus sample (IAEA-140) from the International Atomic Energy Agency (Toronto, ON, Canada). Kelp powder was also used as a laboratory standard [23] . Our speciation analysis is unable distinguish between different valences. Therefore, we report MMA (V) and DMA (V) to represent both valences 
Statistical analysis
Blood arsenic data deviated significantly from normality (Shapiro-Wilks W test, Ver 5.0, JMP, SAS Institute, Cary, NC, USA), and therefore data were log 10 transformed prior to analysis to meet assumptions of normality for subsequent parameteric statistical analyses. Proportional data, namely hematocrit and leucocrit data, were arcsine transformed. Analysis of variance (ANOVA) was used to determine if a difference existed in total blood arsenic and percent hematocrit and leucocrit in birds exposed to control, low, medium, and high levels of MMA (V). Where differences were found, Tukey's honestly significant difference tests were used to identify which treatment levels differed significantly in their response to MMA (V) exposure. To determine whether body mass changed with time among dose groups, a repeated measures ANOVA was conducted.
RESULTS
Total arsenic residues
Whole blood arsenic varied significantly among the four dose groups, in a dose-dependent manner (ANOVA, F 3,53 ϭ 31.7, p Ͻ 0.001; Fig. 2 ). All treatment groups were significantly different from each other ( p Ͻ 0.05 in all cases). The mean ratio of arsenic concentrations in the blood for low, medium, and high dose groups was 1:3:9, close to that of the dosing solutions, i.e., 1:3:8. Control birds had trace amounts of arsenic in the blood, which can likely be attributed to background levels resulting from natural exposure of arsenic in drinking water and food. All organ tissues contained total arsenic residues that increased with increasing dose (Table 1) . To ensure quantification, organs from two individuals were pooled, so each value represents one pooled sample, and therefore no statistical analyses were possible. Brain tissue contained the highest levels of arsenic, followed by the kidney and finally the liver (Table 1) .
In carcasses, there were differences in mean total arsenic between dose groups, with carcasses from the high dose group (72 g/g) having significantly higher total arsenic than all other treatment groups (ANOVA, F 3,19 ϭ 14.7, p Ͻ 0.001; Table 1 ). On average, the zebra finches in the present study retained in the tissues and organs less than 1% of the total arsenic detected over the 14-d period. The majority of the remaining arsenic is likely excreted, as the fecal samples contained the highest total arsenic concentrations. Overall, total arsenic in excreta samples increased with dose group (Fig. 3) . Excreta was pooled per cage, so again each value comprised n ϭ 1 and therefore no statistical analyses were conducted.
Arsenic speciation
For birds in all three dose groups, MMA (V) was the predominant form of arsenic in the blood plasma, while only trace amounts of the metabolite DMA was detected in the medium and high dose groups (1-2%). No inorganic arsenic was found in the plasma of birds in any of the three dose groups.
Dimethylarsinic acid (V) was the major form of arsenic found in the liver (83%) and kidney (61%) tissues of high dose group birds, with MMA (V) as the other predominant form detected in these tissues. The brain tissue contained the original unmetabolized MMA (V) form (57%), along with a relatively large amount of DMA (V) (43%). Inorganic arsenic was only detected in the liver tissue and in trace amounts (5%).
Excreta samples from high dose birds on day 1, 7, and 14 contained arsenic primarily in the original MMA (V) form. Dimethylarsinic acid (V) was detected on day 1 in small 
General health measures and body mass
Zebra finches dosed with MMA (V) did not show any signs of lethargy or diarrhea, and there was no change in the appearance or quantity of feces. Mass loss over the 14-d treatment period was significantly related to MMA (V) dose (repeated measures ANOVA, F 3,20 ϭ 3.85, p Ͻ 0.05). Birds in the control and low MMA (V) dose groups showed no change in body mass over the 14-d treatment period (paired t test, p Ͼ 0.05 in both cases). In contrast, birds dosed with 24 g/g MMA (V) (t 6 ϭ 2.73, p Ͻ 0.05) and 72 g/g MMA (V) (t 6 ϭ 5.09, p Ͻ 0.01) showed significant mass loss (Table 2) . Hematocrit did not differ among treatment groups (ANOVA, p Ͼ 0.05; Table 2 ) and mean hematocrit was 56.7% (Ϯ2.3%). Similarily, leucocrit did not differ among treatment groups (ANOVA, p Ͼ 0.05; Table 2 ), and the mean leucocrit value was 6.3% (Ϯ1.5%).
DISCUSSION
On average, zebra finches dosed with environmentally relevant concentrations of 0, 8, 24, and 72 g/g MMA (V) for 14 d excreted more than 90% of the overall total arsenic detected, with low levels of arsenic in the blood and tissues. Fecal samples from the low and medium dose groups show small amounts of arsenic on day 1, with a large increase by day 7. Results from the low and medium dose groups suggest that zebra finches are initially accumulating the ingested MMA (V), and excreting less. They may then reach a threshold where tissues become saturated, at which point they start to excrete much more of the ingested MMA (V) with little absorption. Results from the high dose group do not exhibit this trend, and birds appear to excrete large amounts of the ingested MMA (V) on both days 1 and 14, with a decrease on day 7. Zebra finches accumulated arsenic in a dose-dependent manner in all tissues. Similarly, broiler chickens dosed with 100 and 500 mg/kg arsinilic acid accumulated up to 2.3 and 8 mg/kg arsenic in the liver tissue and 0.15 and 0.67 mg/kg arsenic in muscle tissue, respectively [24] . Moreover, mallards fed 25, 100, or 400 mg/kg sodium arsenate accumulated arsenic in a dosedependent manner, with arsenic in adult mallard livers ranging from 0.49 to 6.6 mg/kg [25] .
The high excretion and low tissue retention results of the present experiment are also similar to those reported by previous studies in mammals. Oral administration of a single 50 mg/kg body weight dose of MMA to hamsters resulted in excretion of 94.5% (urine ϩ feces) of the administered dose [4] . Rats injected with MMA also directly excreted the compound in its original form, with low uptake into the tissues [26] . Similarly, sheep and goats orally dosed with 10 mg MSMA/kg body weight excreted over 90% of the arsenic within 120 h [5] and mice injected with 8.04 nmol/kg and 804 mol/kg MMA showed rapid elimination as well, with low tissue retention (Ͻ2% of dose) [27] .
Zebra finches and other species studied show low concentrations of MMA (V) in tissues with most of the arsenic being excreted in the original MMA (V) form. These results could suggest that the MMA (V) is not readily taken up by the gastrointestinal tract and is instead excreted unchanged with only trace amounts being absorbed by the gastrointestinal tract and redistributed to the tissues and metabolized. Alternatively, since DMA (V) is detected in small amounts in the tissues, MMA (V) may be readily taken up by the gastrointestinal tract and then primarily eliminated in the bile with only trace amounts of the compound being taken up and metabolized by the tissues. While there appear to be trends in tissue retention and elimination patterns of MMA (V) among species, there are differences in specific target tissues and patterns of distribution among species. For example, most of the remaining arsenic in the zebra finches was found in the carcass, followed in order of decreasing total arsenic by the blood, brain, kidney, and liver. In hamsters dosed with MMA (V), the highest tissue concentration of total arsenic was in the kidney, followed by the spleen, lung, skin, liver, muscle, hair, and brain [4] . In contrast, mice injected with MMA (V) had the highest arsenic levels in the carcass, followed by the liver, kidney, and the lung [27] . Of the organs analyzed, the brain had the most arsenic in the zebra finches. Arsenic has the ability to cross the blood-brain barrier. It has been to shown to accumulate in the brain and cause neurotoxic effects in rats by altering adenosine triphosphate metabolism and influencing neurons and glia [28, 29] . Future studies should be conducted to determine any neurotoxic effects of MMA (V) to pesticide-exposed passerines.
Timing of sampling may play a role in the distribution of arsenic in the blood and tissues. Ingested methylated arsenicals have biological half-lives of approximately 30 h [30] . In the present study, zebra finch tissues and blood were sampled after two weeks of MMA (V) dosing, approximately 24 h after the last dose. In a similar study, hamsters dosed with a single oral dose of 50 g/g MMA were sampled after 1, 6, 12, 24, 72 , and 120 h after administration [4] . Peak arsenic tissue concentrations occurred between 6 and 12 h after administration, with maximum concentrations of 0.21 g/g in the liver, 1.99 g/g in the kidney, and 0.04 g/g in the brain. These concentrations dropped back to control levels by 120 h [4] . Tissue distribution results from the present study may have differed had we sampled at different times. Sampling 24 h after the last dose may have yielded slightly lower tissue residue concentrations than if we had samples 6 or 12 h post dose. Zebra finches may have had time to metabolize and excrete much of the last dose by the time we collected tissues.
Monomethylarsonic acid is the predominant form of arsenic found in the plasma and feces of zebra finches dosed with MMA (V), while the tissues had much higher levels of DMA (V). The minimal excretion of DMA (V) following MMA (V) administration is in accord with related studies. The hamster [4] and human [31] excrete primarily MMA (V) following MMA (V) administration. It has been suggested that this lack of methylation to DMA (V) in vivo may be due to the rapid elimination of MMA (V) in urine, or the low uptake into tissues with high methylating capacities [27] . Monomethylarsonic acid may not have time to undergo methylation to DMA (V), and that this methylation may not occur as quickly as methylation from arsenite to MMA (V) [27] . If the zebra finches are indeed absorbing the MMA (V), this may hold true for the present study, since large amounts of MMA (V) were excreted after only one dose (Fig. 3 ) A large portion of the arsenic taken up by the liver and kidney was methylated, as these tissues contained primarily DMA (V) (83 and 61% respectively). This is to be expected as these organs, especially the liver, are where most metabolism of orally ingested toxins takes place. Arsenic is metabolized in the liver by methyltransferases, and there are differences in these enzymes between animal species [32] . Zebra finches showed the ability to methylate MMA (V) to DMA (V), as DMA (V) was the predominant arsenic species in the liver and kidney. Similarly, the rat, rabbit, hamster, and pigeon all have methyltransferases in the liver [33] [34] [35] [36] . In contrast, the guinea pig, marmoset monkey, squirrel monkey, and tamarin lack these enzymes and are unable to methylate arsenite or MMA (V) [36] .
Assessment of the toxicity of MSMA to zebra finches is limited by our inability to distinguish between oxidation states. Elucidation of valency is important, as this drives the toxicity of arsenic species. Generally, trivalent arsenicals are more cytotoxic than pentavalent arsenicals. Trivalent inorganic arsenic, As (III), is more acutely toxic than pentavalent inorganic arsenic, As (V) [6, 7] , with MMA (III) the most toxic methylated arsenical species [7, 8] . Based on the postulated metabolic pathway, MMA (V) would first be reduced to its trivalent analog MMA (III), followed by further methylation to DMA (V) and possible reduction to DMA (III) (Fig. 1) [37] . Glutathione and other thiols serve as reducing agents, and S-adenosylmethionine is the main methyl donor [33] . In the present study, both MMA and DMA were detected in the blood, feces, and organ tissues of zebra finches dosed with MMA (V). Thus, we suggest that zebra finches were exposed to the highly toxic intermediate MMA (III) during metabolic conversion of MMA (V) to DMA (V). However, since MMA (III) is very unstable, it is likely that any MMA (III) produced was quickly methylated to DMA (V). As discussed earlier, MMA (III) has the ability to inhibit enzymes such as glutathione reductase [11] , altering cellular redox reactions and leading to cytotoxicity [12] . This may explain the observed toxic effects, namely weight loss, in the zebra finches. Finally, inorganic arsenic detected in the liver tissue (5%) can most likely be attributed to background levels resulting from natural exposure to arsenic in food and drinking water. Although there was no inorganic arsenic detected in fecal samples or other tissues, this is the most parsimonious explanation, as demethylation of MMA (V) to inorganic arsenic is highly unlikely [4, 37] .
The two highest dose groups lost up to 15% of initial body mass over 14 d. Ingested MSMA can cause diarrhea [38] , leading to dehydration and mass loss. There was however no observable differences in quantity or texture of feces between dose groups. Dehydration may also increase hematocrit and we found no change in hematocrit with MSMA treatment. Ingestion of MSMA causes gastrointestinal inflammation [38] . This may result in a decrease in appetite and subsequently decreased food intake, or malabsorption of food and nutrients, perhaps resulting in a decrease in overall body mass over a two-week period.
In the present study zebra finches were used as a model to determine effects of MMA (V) exposure in avian species. In the wild, woodpeckers and other insectivorous forest birds are exposed to this compound. Blood sample results from woodpeckers exposed to the parent compound MSMA via ingestion of contaminated bark beetles in the Merritt Forest District in British Columbia ranged from 0.03 to 3.73 g arsenic/g dry weight blood [2] . Mountain chickadees (Poecile gambeli) in the same district had total blood arsenic levels of up to 2.20 g/g [2] . Zebra finches in the present study dosed with presumably the same environmentally relevant concentrations of MMA (V) had total blood arsenic values ranging from 0.05 to 6.02 g/g. Based on those total blood arsenic results, we suggest that woodpeckers may accumulate similar tissue concentrations of arsenic in the field and could also experience health effects, such as decreased body mass, when exposed to similar concentrations. However, woodpeckers and other insectivorous birds likely experience long-term exposure to MSMA, rather than a 14-d period. Longer-term sublethal dosing of birds to heavy metals such as aluminum, cadmium, mercury, and lead can cause subtle but marked toxic effects such as reproductive dysfunction, behavioral abnormalities, and increased susceptibility to additional stressors such as disease [39] . Zebra finches exposed to levels of MMA (V) detected in bark beetle samples in MSMA treated stands of trees exhibited mass loss over the subacute time period of 14 d. However, longer term exposure to this compound may cause significant effects that may otherwise go undetected in 14 d. Therefore, the effects of long-term exposure of MSMA and its metabolites on uptake, elimination, and toxicity should be further studied. If the goal is to determine population level effects of chronic exposure to methylated arsenicals, studies carried out over more than one generation may be beneficial. The result of such exposure may better provide an understanding of the consequences for forest birds exposed to MSMA as well as forestry management implications.
